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Abstract
The aim of the study was to analyze environ-
mental impact of cow milk production in an
alpine area through a cradle-to-farm-gate Life
Cycle Assessment and to identify farming
strategies that can improve environmental
sustainability without negatively affecting
profitability. Data were collected from farmers
in 28 dairy farms in an Italian alpine valley.
The production of 1 kg of fat protein corrected
milk (FPCM) needed 3.18 m2 of land; land use
on-farm was high because a large part of farm
land consisted of pastures in the highland,
used extensively during summer. Also the use
of energy from non-renewable sources was
high, 5.14 MJ kg FPCM-1 on average. Diesel for
production and transportation of feed pur-
chased off-farm was mainly used, especially
concentrates which were entirely purchased.
The average emission of greenhouse and acid-
ification causing gases was 1.14 kg CO2-eq and
0.021 kg SO2-eq kg FPCM-1. Eutrophication was
on average 0.077 kg of nitrate-eq kg FPCM-1.
Farms with low producing cows had higher
environmental impact per kg of milk and lower
gross margin per cow compared to the others.
Low stocking rate farms had the best results
regarding acidification and eutrophication per
kg FPCM. Farms with high feed self-sufficiency
had significantly lower acidification potential
than the others. Increasing milk yield per cow,
by selection and feeding, and enhancing feed
self-sufficiency, by higher forage production
and quality and more exploitation of highland
pastures, seem to be the best strategies to
improve ecological performances of dairy
farms in the Alps while maintaining their prof-
itability.
Introduction
During the last five decades, agriculture and
livestock systems in the Alps experienced an
important structural transformation: tradition-
al and small farms have been reducing,
replaced by larger, more modern and special-
ized farms (Streifeneder et al., 2007), charac-
terized by intensive livestock and crop produc-
tions. Simultaneously, a process of abandon-
ment of highland pastures has occurred. Such
modifications were induced by a complex of
reasons, including increasing competitive
market pressure, high production costs of the
traditional production systems, abandonment
and emigration due to more attractive employ-
ment and life opportunities outside the agri-
cultural sector and outside the mountain
areas. The change in the approach and inten-
sity of land utilization and the decline of the
traditional grazing in the highlands can have
negative effects on landscape quality and bio-
diversity, as well as on the conservative func-
tions of managed areas such as soil protection
(Streifeneder et al., 2007; Sturaro et al., 2009).
Moreover, the traditional environmental sus-
tainability of alpine agriculture systems can be
negatively affected by opening nutrient cycles:
in dairy farms the large amounts of concen-
trate feeds purchased to sustain high milk pro-
ductions and the extensive use of fertilizers
and pesticides for demanding arable crops,
such as maize, in the valley floors are leading
to surplus of nitrogen and phosphorus (Penati
et al., 2011) with the risk of soil and water pol-
lution. Especially in the Alps the environmen-
tal effect of changing agricultural systems
must be closely monitored to avoid the risk of
altering the fragile ecosystem and losing a
unique human heritage of aesthetic, ecologi-
cal and cultural resources.
Life Cycle Assessment (LCA) is a methodol-
ogy for the integral assessment of the environ-
mental impact of products and processes. In
this approach the potential environmental
impacts of a product are evaluated by quantify-
ing the resources consumed and the emissions
to the environment at all stages of its life cycle
(Guinée, 2002). In recent years, LCA has
emerged as an internationally accepted
method, widely used in the agricultural sector
for the assessment of the environmental
impact and for the identification of process
hot-spots. Several LCA studies have recently
been conducted on milk production in Europe
to compare different farming strategies (Haas
et al., 2001; Corson and van der Werf, 2008;
Thomassen et al., 2008).  In particular a recent
work by Alig et al. (2011) focused on LCA of
Swiss milk production in a mountain region.
The aim of the study was to analyze the
environmental impact of cattle milk production
in an Italian alpine area through LCA method-
ology and to identify farming strategies that
can improve environmental sustainability
without affecting profitability.
Materials and methods
A group of 28 conventional dairy farms locat-
ed in Valtellina, an alpine valley of the region
Lombardia (North Italy), was chosen among
farms members of a cooperative cheese factory
producing Valtellina Casera and Bitto, two typ-
ical PDO cheeses. The criteria of selection
were based on farm size, location and special-
ization: in particular, farms smaller than 10
cows and larger than 250 cows, farms located
out of the province of Sondrio and farms with
multiple animal productions (swine, beef)
were excluded. The 28 dairy farms involved in
the study were chosen on the basis of 3 differ-
ent criteria: milk production level, stocking
rate and feed self-sufficiency, expressed as the
percentage of feed produced on farm on the
total annual feed DM consumption. For each
criterion we divided the sample into 3 levels
and the thresholds were chosen on the basis of
data provided by the dairy cooperative. Out of
the 28 farms, twelve farms transferred most of
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their animals, including milking cows, to high-
land pastures (1500-2000 m asl) for a 3-month
period during the summer. Data regarding
herd composition, farm land area and related
crop production, housing system, manure
management and energy consumption were
collected through personal interviews to the
farmers. All the data are referred to the year
2006.
A cradle-to-farm-gate life cycle analysis
(LCA) was applied. The functional units (FU)
were: 1 kg of fat protein corrected milk (FPCM,
4.0% of fat content and 3.2% of protein con-
tent) estimated using the equation: FPCM (kg)
= raw milk (kg) ¥ (0.337 + 0.116 ¥ % fat +
0.060 ¥ % protein) (Heuer, 2004) from the
results of the analyses performed by the
cheese factory and 1 hectare of farm valley
land. Direct impacts (on-farm) originated on
the farm site were distinguished from indirect
impacts (off-farm) associated with the produc-
tion and transport of inputs to the farm (Figure
1). All the flows are referred to one year of milk
production. Water consumptions, seeds, medi-
cines, mineral salts and washing detergents
were not considered in the LCA due to the lack
of detailed data (Thomassen et al., 2008;
Castanheira et al., 2010). Inputs (land, energy)
and outputs (emissions to the air and losses to
the water) were classified in different impact
categories: land use (m2), non-renewable
energy use (MJ), climate change (kg CO2 eq.),
acidification (kg SO2 eq.), eutrophication (kg
NO3 eq.). Land use change was not considered.
Impact categories, contributing elements and
characterization factors are reported in Table
1. The main references for Life Cycle impacts
are summarized in Table 2. Allocation of
impacts of co-products in off-farm purchased
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Table 1. Selected impact categories, contributing elements and characterization factors.
Impact category                                                 Contributing             Characterization               References
                                                                                 elements                         factors                                   
Land use, m2                                                   Land occupation                        1                        Guinée et al., 2002
Energy use, MJ                                          Energy consumption                    1                                         
Climate change, g CO2-eq                                       CO2                                    1                               IPCC, 2007
                                                                                      CH4                                   25                                        
                                                                                     N2O                                  298                                       
Acidification, g SO2-eq                                             SO2                                    1                       Hejiungs et al., 1992
                                                                                      NH3                                 1.88                                      
                                                                                     NOx                                  0.7                                       
Eutrophication, g NO3–-eq                                     NOx                                 1.35                    Hejiungs et al., 1992
                                                                                     P2O5                                14.09                                     
                                                                                      NH3                                 3.64                                      
                                                                                     NO3–                                   1                                         
                                                                                    PO3–4                               10.45                                     
                                                                                     NH4+                                  3.6                                       
Table 2. Main literature references for Life Cycle impacts.
                                                         Interviews
Farm animal rations                        
Origin of feeds                             Eurostat, 2006, Istat, 2006.
Methane emissions                     ERICA (Provolo, 2005) for cows; ISPRA (2008) for heifers. Estermann et al. (2001) during highland grazing.
Nitrogen excretion                      ERICA (Provolo, 2005) for cows; EMEP/EEA (2009) for heifers; Cornell-Penn-Miner (2004) during highland grazing.
Ammonia emissions                    ERICA (Provolo, 2005) for cows; EMEP/EEA (2009) for heifers and during highland grazing.
Nitrous oxide emissions            ERICA (Provolo, 2005) for cows, EMEP/EEA (2009) for heifers.  IPCC (2006) during highland grazing.
On-farm
Ammonia emissions                        Manure spreading:  ERICA (Provolo, 2005). Artificial fertilizers:  EMEP/CORINAIR (2002).
Nitrous oxide emissions                Manure spreading:  ERICA (Provolo, 2005). Artificial fertilizers:  IPCC (2006).
Leaching                                             Nitrates: Grignani and Zavattaro (2000) for grassland; Audsley (2000) for maize.
                                                         Phosphates: Nemecek and Kägi (2007).
Off-farm
Ammonia emissions                        Manure spreading: Thomassen et al. (2008). Artificial fertilizers:  EMEP/CORINAIR (2002).
Nitrous oxide emissions                Manure and artificial fertilizers spreading: IPCC (2006).
Leaching                                             Nitrates: IPCC (2006) or Italian literature. Phosphates:  Nemecek and Kägi (2007). 
Figure 1. Diagram of the flows considered in the study.
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concentrate feeds (maize, soybean, wheat,
sunflower, sugar beet, barley, cottonseed) was
based on their economic value in Italian mar-
ket. An economic allocation was also applied
for milk and meat (bull calves and cull cows)
produced within each farm. Cheese produced
during summer grazing period was included in
the amount of milk produced by each farm on
the basis of average cheese yield efficiency.
Composition of the rations of farm animals
was asked to the farmers while composition of
each concentrate feed was estimated on the
basis of the raw materials reported on the com-
mercial labels with the help of CPM-Dairy
Ratio Analyzer software (Cornell-Penn-Miner,
2004). Since 20 out of 28 farms bought replac-
ing heifers from Switzerland, a simplified LCA
was performed to assess the impacts associat-
ed to heifer rearing, considering animals sold
at 24 months of age, an average feed intake, an
average diet composition, standard housing
conditions and manure management. 
The reference for land use off-farm was
Faostat (2006) for foreign countries and Istat
(2006) for Italy. Data on cropping systems out-
side Italy for the concentrate feed production
are based on statistics and qualified estimates
by agricultural experts. The life cycle invento-
ries (LCI) of diesel, fertilizers and pesticides
production and use were derived from Davis
and Haglund (1999), Michaelis (1998), and
Brand and Melman (1993), respectively. Energy
costs to produce meals (Guidetti, 2001), flakes
and other processed feeds were derived from
Singh (1986), Cederberg (1998) and personal
communications from feed industry experts.
With respect to LCI of electricity, a combination
of conventional and renewable sources was
used (Michaelis, 1998; GSE, 2008). Impact of
milk powder used for calves of both Valtellina
farms and Switzerland farms rearing bought
heifers was derived from LCA studies for milk
production in France (Corson and van der Werf,
2008) and Germany (Haas et al., 2001) adding
energy consumption for milk drying (Ramirez
et al., 2006). Ammonia emissions from dairy
cow barns and manure management and
spreading, methane emitted from enteric fer-
mentation and from manure management, and
nitrous oxide losses from manure in the stables
and during storage and spreading were com-
puted using the Italian software ERICA
(Provolo, 2005) based, for emissions derived
from dairy cattle, on the Corinair Inventory
Default Emission Factors Handbook
(Corinair/CITEPA, 1992), IPCC (1997) and, for
spreading emissions, project ALFAM (2002).
For methane emissions from housing algo-
rithms included in the software ERICA are
based on live weight and fixed factors depend-
ing on livestock category; methane emissions
from storage are estimated on the basis of fixed
coefficients depending on livestock category,
storage type and treatments, volatile solids and
the time of storage. For ammonia from housing
the factors considered are livestock category,
housing type, amount and N content of feeding
ration and milk yield and milk N content.
Ammonia emissions from storage are estimat-
ed considering storage type and treatment.
Nitrous oxide from storage is calculated from N
excretion considering amount and N content of
feeding ration and milk, using a fixed emission
factor related to storage type. Ammonia and
nitrous oxide emissions from manure spread-
ing are estimated considering spreading sys-
tem. Fixed values of N excretion, ammonia and
nitrous oxide emissions from manure produced
by Swiss and Italian heifers during non-grazing
period (housing, storage and spreading) were
derived from EMEP/EEA (2009). Methane emis-
sion fixed values were derived from ISPRA
(2008) and from the Switzerland’s GHG
Inventory 1990-2005 (FOEN, 2007) for heifers
in Italy and in Switzerland, respectively. All the
emissions and losses from the farms in
Switzerland were considered for two years
(average heifer age at the sale). A methane
emission of 0.03 kg/d (Estermann et al., 2001)
and an excretion of 0.2 kg N/d (Cornell-Penn-
Miner, 2004) were assigned to dairy cows dur-
ing summer grazing. An ammonia emission
factor of 0.1 (10% of the nitrogen excreted;
EMEP/EEA, 2009) and a nitrous oxide emission
factor of 0.02 (IPCC, 2006) were considered
during grazing. These values were reduced by
50% for grazing heifers. Nitrate leaching from
grassland was computed as 1.5% of all the
nitrogen applied to the fields (Grignani and
Zavattaro, 2000). Nitrate leaching from maize
land was computed using the equation suggest-
ed by Audsley (2000). A fixed value of manure
phosphorus content of 1% on DM basis was
assumed (Adani, 1993; Regione Lombardia,
1993). Phosphorus leaching and runoff for both
grassland and arable land were estimated using
the equations proposed by Nemececk and Kagi
(2007). For off-farm feed production, the Tier 1
Emission Factor (EF) for ammonia of
EMEP/EEA 2009 (8.4%) was used in all the
cases where no information was available
about the chemical composition of artificial fer-
tilizers used. Otherwise when information
about fertilizer composition was available from
statistics and published studies, EF from
EMEP/CORINAIR (2002) were used to estimate
ammonia emissions from different types of
artificial fertilizers. Ammonia emission from
manure distribution in crop production off-
farm was estimated as 20% of the nitrogen
applied, as it was assumed in Thomassen et al.
(2008) for foreign countries. Direct and indi-
rect nitrous oxide emissions were estimated
with IPCC (2006) emission factors: in particu-
lar direct emission was computed as 1% of
nitrogen from artificial fertilizers, manure and
crop residues. Indirect emissions (based on
emissions from volatilization and atmospheric
deposition and from leaching of N) were com-
puted as 1% of ammonia emissions and 0.75%
of nitrogen leaching to ground water. For
nitrate leaching of each Italian crop an average
percentage of total nitrogen applied and
deposited to the fields was considered. For for-
eign crops an average value of 30% of nitrogen
applied was used, as suggested by IPCC (2006). 
The economic performances of the farms
were evaluated by quantifying gross margin, as
the difference between revenues (from milk,
cheese, sold animals, CAP grants) and variable
costs (purchased feeds, purchased animals,
bedding material, diesel, electricity, gas, drugs
and veterinary costs, seeds, fertilizers, pesti-
cides, hired labour). Information required
determining revenues and costs were obtained
from farm interviews and from the databases
of the cooperative cheese factory.Statistics
The 28 dairy farms included in the study
were chosen on the basis of 3 different crite-
ria: milk production level (low: <4700 kg/cow;
medium: 4700-6400 kg/cow; high: >6400
kg/cow), stocking  rate (low: <2.3 cows/ha;
medium: 2.3-3.3 cows/ha; high: >3.3 cows/ha)
and feed self-sufficiency as the percentage of
feed produced on farm on the total annual feed
consumption expressed on dry matter (low:
<53%; medium: 53-72%; high: >72%). These
thresholds were chosen on the basis of data
provided by the dairy cooperative. Average
annual milk yield was 5531±1349 kg FPCM per
cow, stocking rate in the lowland averaged
2.7±1.0 cows per ha, feed self-sufficiency was
63.3±16.6% of the total dry matter (DM) con-
sumed. Fixed effects (groups of milk produc-
tion, stocking rate, feed self-sufficiency) were
tested in a general linear model (proc GLM;
SAS, 2000) on all dependent variables (impact
estimates) without covariate effects and with-
out random farm effects, based on the follow-
ing equation (no interactions were tested):
Yijkl = m + MPi + SDj + FSk + eijkl
where:
Yijkl = dependent variables;
m = general mean;
MPi = milk production level effect (i=1-3);
SDj = stocking rate effect (j=1-3);
                                                                                                                     Penati et al.
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FSk = feed self-sufficiency effect (k=1-3);
eijkl = model error
All dependent variables were tested for nor-
mality and homogeneity of variances. Least
Square means were performed for all levels in
each fixed effect, and the significance level
was computed by orthogonal contrasts.
Results and discussion
Farms studied had on average 21.5±24.4 ha
of land in the valley floor, of which about 84%
was grassland and 16% arable land. In 12 farms
part of the herds, including milking cows and
heifers, was transferred to highland pastures
for a 3-months period during the summer;
highland pastures averaged 40.9±26.4 ha per
farm. Average number of lactating cows was
44.8±44.9 with annual milk yield of 5531±2567
kg FPCM per cow, lower than average milk
yield in the province of Sondrio in 2006 (6705
kg). The most common cow breed was Italian
Friesian (58.6%), followed by Brown Swiss
(31.5%). All the manure was used to support
on-farm production of forages. On average,
63.3±16.6% of the total dry matter (DM) of cow
rations consisted of feed ingredients produced
on the farm, mainly grass hay and maize
silage. All the concentrate feeds were pur-
chased from off-farm; no farmers sold forages
or exported manure from their farms. Land use
Sample farms needed 3.23±1.96 m2 of land
to produce 1 kg of FPCM, on average. Land use
impact components were: land use on-farm
(54%) and land use off-farm for production of
imported feeds (46%). Land use on-farm was
very high in comparison with other European
studies (Corson and van der Werf, 2008;
Thomassen et al., 2008). In fact in twelve
farms a large part of farm land consisted of
pastures in the highland, used in a very exten-
sive way (very low stocking rate) only during
the summer season. The increase of land use
per kg of FPCM is due also to the decreased
milk yield during summer grazing as a conse-
quence of the low use of concentrate feed on
pastures. On a global perspective the high
value of land use per unit of milk can be seen
as a weak point of alpine farming sustainabili-
ty. However, in the alpine context, the evalua-
tion of land use in quantitative terms can be
unsatisfactory. In fact the seasonal use of pas-
tures in the alpine highlands is considered to
have several positive effects on biodiversity,
landscape quality and preservation from soil
degradation (Mc Donald et al., 2000; Marini et
al., 2009). LCA methodology does not seem to
be the best tool to evaluate these externalities
because they play their main role at a local
scale while LCA deals with global impacts.Non-renewable energy use
Farms from this study needed on average
5.14±2.05 MJ from non-renewable energy
sources to produce 1 kg of FPCM. Figure 2
shows the main components of non renewable
energy use impact: diesel use associated to
production and transportation of feed pur-
chased off-farm (33%), electricity and diesel
use on-farm (25 and 22%, respectively) and
production of fertilizers and pesticides used
for crop production off-farm (13%). The aver-
age diesel use on-farm was 346±288 kg/ha of
lowland. Electricity use on-farm was very high
(826 kWh/cow); it was used mainly for milking
equipment, milk cooler, manure handling, feed
mixing and distribution. Non-renewable ener-
gy use is higher than in other European stud-
ies (Haas et al., 2001; Corson and van der Werf,
2008; Thomassen et al., 2008). In particular
energy use off-farm is consistent with average
values from the other studies, but energy use
on-farm is much higher. The average diesel
use on-farm is very high if compared to 109
and 83 kg diesel per hectare of conventional
and organic grassland in the German study
(Haas et al., 2001). Similar results were report-
ed by Alig et al. (2011) that observed higher
energy demand of farms in the mountain
region to produce one kilogram of milk in com-
parison to farms in the plain region. This can
be explained partly by the topography of the
mountain regions that implies higher fuel con-
sumption and partly by the lower crop yield due
to altitude that forces to cultivate a larger area
for the same amount of forage.  In the studied
farms the high energy use on-farm per kg of
milk is explained also by the great land frag-
mentation in the valley floors. Climate change
The average emission of greenhouse gases
(expressed as CO2 equivalents) to produce 1
kg of FPCM in the studied farms was 1.14±0.27
kg, slightly lower than the results from other
studies (Haas et al., 2001; Corson and van der
Werf, 2008; Thomassen et al., 2008). Among
the three greenhouse gases considered for the
estimation the most important contribution
was due to methane (42%), followed by carbon
dioxide (33%) and nitrous oxide (25%).
The main components of climate change
impact were: livestock emissions and manure
                                                              Environmental impact of alpine milk production
Figure 2. Percentage contribution to the main impact categories of the processes consid-
ered in the life cycle of milk. 
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storage on-farm (39%); fertilizer and manure
spreading for feed production off-farm (16%)
(Figure 2). Castanheira et al. (2010) found
that enteric fermentation and manure man-
agement were responsible together for a large
part (70%) of the global warming potential.
Methane is emitted on-farm by enteric fermen-
tation of cows and by manure management (in
barns and then in manure storage facilities),
whereas emission of nitrous oxide on-farm
occurs only from manure management. Acidification
The average emission of acidification caus-
ing gases (expressed as SO2 equivalents) to
produce 1 kg of FPCM in the sample farms was
0.021±0.006 kg, higher than the results from
the other studies but the one from Germany
(Haas et al., 2001; Corson and van der Werf,
2008; Thomassen et al., 2008). This result was
mainly due to feed production off-farm (34%)
and livestock and manure storage emissions
on-farm (30%) (Figure 2). Ammonia is
released during off-farm feed production from
fertilizer and manure spreading. According to
Thomassen et al. (2008) and Castanheira et al.
(2010), acidification was almost totally due to
ammonia emissions (83%). The emission of
acidifying gases per hectare of lowland was
326±227 kg of SO2 equivalents. Eutrophication
The production of 1 kg of FPCM in the sam-
ple farms caused the loss of 0.077±0.019 kg of
nitrate equivalents on average. The loss of
nitrate equivalents was on average higher
than the results from organic farms but lower
than the results from conventional farms of a
Dutch study (0.070 and 0.110 kg of nitrate
equivalents per kg of FPCM, respectively;
Thomassen et al., 2008). Eutrophication was
mainly due to: fertilizer and manure spreading
for feed produced off-farm (60%), followed by
fertilizer and manure spreading on-farm
(23%) and livestock and manure storage emis-
sions on-farm (14%). According to this, the
main contribution to eutrophication was given
by ammonia (46%) followed by nitrates (38%)
and phosphates (9%) directly lost into the
water bodies. This was the case also in the
conventional system of the LCA study from
Cederberg (1998) and in Castanheira et al.
(2010). In our study, eutrophication was the
only impact in which the off-farm contribution
was higher than the on-farm one (58%). The
eutrophication potential per hectare of lowland
was 1150±894 kg NO3-equivalents.Gross margin 
The average of gross margin was 2016±449
€/cow. The main source of revenues was sell-
ing cow milk, which on average accounted for
65.7±20.9% of the revenues. For farms that
practiced summer grazing, the second most
important source of revenues originated from
production and selling of high-value cheeses
(such as Bitto PDO) and other milk derivatives
produced during the summer period in the
highland (28.3±10.4% of total revenues). As
concluded in a previous paper (Penati et al.,
2011), highland grazing results in extra rev-
enues for the farmers due to the sale of high-
land cheese and to Alpine grazing subsidies.
In terms of contribution, 52.3±11.7% of all
variable costs consisted in feed costs and about
14.7±9.1% were costs for energy sources. Farm characteristics
Farms with FPCM lower than 4700 kg (Table
3) tend to have higher impacts per kg of milk
mainly as a consequence of low milk produc-
tion. The more is the milk produced per cow,
the less are the animals needed to maintain
the same farm production level and so the less
is the environmental impact produced by live-
stock manure, methane release and feed con-
sumed per kg of FPCM. In fact these farms had
significantly higher land use per kg FPCM,
both total and on-farm, in comparison with
farms characterized by medium and high
FPCM. Most of the farms practicing highland
grazing (7 out of 12) were in this group; this
represents an important contribution to on-
farm land use. As pointed before in farms with
seasonal grazing a large part of farm land con-
sisted of pastures in the highland, used in a
very extensive way (very low stocking rate)
only during the summer season. Milk yield is
reduced during summer period because of low
concentrate feed integration of pasture grass
in the highland, thus increasing land use per
kg FPCM. Farms with low FPCM had also sig-
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Table 3. Effect of milk production level on environmental impacts per 1 kg of Fat Protein Corrected Milk (Least Squares means).
Milk yield per cow
Low°, Medium°, High°, SEM
n=8 n=12 n=8
Milk yield, kg/cow 3976c 5411b 7295a 253
Land use total, m2 4.98a 2.94b 1.82b 0.68
on-farm 3.79a 1.64b 0.77b 0.68
off-farm 1.19 1.31 1.05 0.11
Energy use total, MJ 6.21 4.97 4.98 0.84
on-farm 3.93a 2.03b 2.68ab 0.78
off-farm 2.27 2.95 2.30 0.34
Climate change total, g CO2-eq 1333a 1142ab 967b 99.9
on-farm 763a 563b 486b 64.5
off-farm 569 580 481 58.2
Acidification total, g SO2-eq 23.3 22.9 19.8 1.96
on-farm 12.9 10.9 12.0 1.47
off-farm 10.3ab 11.9a 7.7b 1.40
Eutrophication total, g NO3–-eq 69.7 78.6 75.9 6.79
on-farm 29.0 28.6 37.7 4.94
off-farm 40.6 50.0 38.2 4.99
Gross margin, €/cow 1789b 1903b 2432a 171
°Low milk yield: <4700 kg/cow; medium milk yield: 4700-6400 kg/cow; high milk yield: >6400 kg/cow. a,bWithin the row mean values followed by different letters are significantly different (P<0.05).
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nificantly higher energy use on-farm potential
per kg of milk compared with group of medium
FPCM (P<0.05). Climate change, both total
and on-farm, was higher in the low FPCM
group than in the others. Farms in the low
FPCM group were small sized (25.7 vs 67.7 lac-
tating cows in the high FPCM group; 9.5 vs 31.6
lowland ha in the high FPCM group) and prob-
ably less efficient in using resources.
Arsenault et al. (2009) argued that confine-
ment-based dairy systems in North America
make more efficient use of resources than pas-
ture systems, which means that they reduce
the relative impact by increasing the amount
of milk produced. In a study of Iribarren et al.
(2011) it was suggested that, while efficiency
should not be exclusively linked to high pro-
ductivity, inefficient practices are mainly asso-
ciated with low production levels. Farms with
low FPCM failed also in terms of profitability:
they registered the lowest gross margin per
cow among the three groups (1789 vs 1903 €
and 2432 €; P<0.05). Increasing milk yield per
cow in dairy farms through genetic selection
and better feeding/management practices has
been proposed as one strategy to reduce green-
house gas (GHG) emissions in agriculture, as
less cows are needed to produce the same
amount of milk (Casey and Holden, 2005; Rotz
et al., 2010). However, the whole system effects
of such practices are not entirely clear. For
example, higher milk yield might result in
reduced fertility, requiring more replacement
animals (Lovett et al., 2006). Moreover high
milk production requirements are not ade-
quately supported by grazing and high genetic
merit dairy cows do not fit well with grazing in
the highland; as a consequence farms with
high producing cows tend to abandon the prac-
tice of summer highland grazing which is a
traditional system used in the Alps with protec-
tive function on mountain territory.
In our study farms with more productive
cows assign a higher percentage of land to
maize for silage to maintain the same level of
feed self-sufficiency of the other two groups of
farms.  In fact the high production group used
more on-farm land to produce maize for silage
(29.0% vs 10.6% and 12.8% in the low and
medium FPCM groups, respectively; P<0.05).
Considering that these dairy farms are located
in the Alps, which is an area with high biodi-
versity and landscape value, the opportunity to
increase the percentage of land sown with
maize instead of permanent grassland is con-
troversial. Moreover, farms with more milk
production per cow have higher on-farm
eutrophication per hectare than the other two
groups (669 g NO3/ha vs 487 g NO3/ha of low
milk production and 631 g NO3/ha of medium
milk production cows; P<0.05) partially as a
consequence of more arable land and higher
use of artificial fertilizers. For environmental
problems with a local aspect, environmental
impact should be evaluated not only per kg of
product but also per hectare of land. In partic-
ular eutrophication pertains directly to the
leaching and run-off of nitrate and phosphate
to the ground and surface water, and therefore,
this parameter contains a local aspect
(Oudshoorn et al., 2011). 
Farms with stocking rate lower than 2.3
cow/ha (Table 4) had the best results in terms
of acidification and eutrophication potentials
per kg FPCM. The lowest intensive farms were
characterized by few animals (24.7 cows on
15.5 hectares), whereas the group with medi-
um stocking rate was associated with higher
number of cows and hectares (57.4 cows on
29.2 hectares) Gross margin was not statisti-
cally different among the three groups of
farms. The more intensive farms had more
animals on a few hectares (56.3 cows on 20.3
ha). Most of the farms with cows grazing dur-
ing summer were in the first two groups of
stocking rate (10 out of 12). The negative con-
sequences of intensification on the environ-
mental impact of dairy farms were also con-
firmed by the results presented in similar stud-
ies in Europe (Thomassen et al., 2008; Basset-
Mens et al., 2009). On the other hand, Alvarez
et al. (2008) found a positive relationship
between intensification and economic effi-
ciency for dairy farms in NW Spain. Casey and
Holden (2005) evaluated GHG emissions
according to the system intensity of Irish dairy
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Table 4. Effect of stocking rate on environmental impacts per 1 kg of Fat Protein Corrected Milk (Least Squares means).
Stocking rate
Low°, Medium°, High°, SEM
n=10 n=9 n=9
Stocking rate, cows/ha 1.83c 2.64b 3.85a 0.24
Land use total, m2 3.41 3.52 2.82 0.64
on-farm 2.14 2.57 1.49 0.64
off-farm 1.27a 0.95b 1.33a 0.10
Energy use total, MJ 4.78 5.51 5.87 0.79
on-farm 2.05 3.48 3.11 0.73
off-farm 2.73 2.03 2.76 0.31
Climate change total, g CO2-eq 1071 1142 1229 92.8
on-farm 521 652 639 59.8
off-farm 550 490 590 54.0
Acidification total, g SO2-eq 18.7b 22.4ab 24.9a 1.82
on-farm 7.5b 14.8a 13.6a 1.37
off-farm 11.2a 7.6b 11.3a 1.30
Eutrophication total, g NO3–-eq 66.2b 74.7ab 83.4a 6.30
on-farm 19.7b 40.1a 35.7a 4.58
off-farm 46.5ab 34.6b 47.7a 4.62
Gross margin, €/cow 2019 2223 1883 159
°Low stocking rate: <2.3 cows/ha; medium stocking rate: 2.3-3.3 cows/ha; high stocking rate: >3.3 cows/ha. a,bWithin the row mean values followed by different letters are significantly different (P<0.05).
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farms recommending a move towards extensi-
fication in terms of area but towards intensifi-
cation of animal husbandry (fewer cows pro-
ducing more milk at lower stocking rates).
Table 5 shows that farms with feed self-suffi-
ciency higher than 72% had higher on-farm
impact (energy use, acidification and eutroph-
ication) and lower off-farm impact (land use,
energy use, acidification and eutrophication).
These two opposite effects counterbalance in
most cases except for total acidification, which
is significantly higher in farms with feed self-
sufficiency lower than 53%.
Farms with low and high self-sufficiency did
not differ for stocking rate (2.92 vs 2.82
cows/ha) nor for summer grazing (4 farms in
the less self-sufficient group, 5 in the second
and 3 in the third group). Gross margin was not
statistically different among the three groups of
farms. The more self-sufficient farms obtained
their performance mainly growing more maize
for silage in the lowland instead of grassland
compared with low self-sufficient farms (29.2%
vs 7.0 % of lowland).  Iribarren et al. (2011)
found that most of the efficient farms (lower
impacts associated with the same amount of
milk) used maize silage and concentrate as the
two main feed products, ahead of grass silage
and alfalfa. But in the case of alpine farming
increasing the percentage of maize land in the
lowland of the Alps raises concern regarding
landscape and biodiversity preservation (Pileri,
2008). On the other hand Müller-Lindenlauf et
al. (2010) found that a combination of grass-
land-based farms with high yielding cows
resulted in the lowest GHG emission per kg of
milk. In New Zealand pasture-based systems,
cows ingest their feed from and apply their exc-
reta directly on pastures (Basset-Mens et al.,
2009). This very short cycle reduces the energy
consumption and all associated impacts linked
with the production and the transport of con-
centrated feed, and also linked with effluent
management.
Dairy farms in the Alps could better exploit
their highland pastures during summer,
increasing in this way their self-sufficiency: to
avoid the decrease of milk production of high
producing cows they could conveniently trans-
fer in the highland replacing heifers and low
producing cows 
Conclusions
Land use of sample farms was very high
because a large part of farm land consisted of
pastures in the highland, used in a very exten-
sive way; it can be seen as a hot-spot for alpine
production systems. However, in the alpine
context the evaluation of land use in quantita-
tive terms can be unsatisfactory. In fact the
seasonal use of pastures in the highland is
considered to have several positive effects on
preservation of biodiversity, landscape quality
and from soil degradation. Considering the
other impacts the sample farms registered
high non-renewable energy use mainly as a
consequence of land fragmentation and soil
declivity. A low stocking rate seems to be
advantageous for the environment: in this
mountain context it means to rear a few ani-
mals, because of the scarcity of lowland avail-
ability. From an economic point of view, farms
with more cows are favourite, so any environ-
mental solution that suggests a decrease in the
animal number has to take into consideration
subsidies supply. In order to diminish the local
impact, feed self-sufficiency cannot be reached
only by substituting grassland with maize for
silage both because of the increase in energy
and fertilizer use and because of aesthetic
value of landscape. Feed self-sufficiency might
increase by the improvement of forages pro-
duction and quality and by a more efficient use
of highland pastures. 
In conclusion, farming strategies that can
help to mitigate environmental impact of dairy
production in the Alpine area could be on one
hand the increase of cow productivity through
selection and feeding and on another hand the
increase of feed self-sufficiency through high-
er exploitation of highland pasture and the
improvement of productivity and quality of low-
land forages.
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Table 5. Effect of feed self-sufficiency on environmental impacts per 1 kg of Fat Protein Corrected Milk (Least Squares means).
Feed self-sufficiency
Low°, Medium°, High°, SEM
n=10 n=9 n=9
Feed self-sufficiency, % DM consumed 46.8c 62.7b 82.0a 2.67
Land use total, m2 3.77 3.12 2.85 0.61
on-farm 2.34 1.89 1.98 0.62
off-farm 1.44a 1.24a 0.88b 0.10
Energy use total, MJ 5.18 4.84 6.14 0.76
on-farm 2.22b 2.33b 4.10a 0.70
off-farm 2.96a 2.51ab 2.05b 0.30
Climate change total, g CO2-eq 1226 1048 1167 89.7
on-farm 619 521 672 57.8
off-farm 607 527 495 52.2
Acidification total, g SO2-eq 25.4a 19.5b 21.1ab 1.76
on-farm 12.1ab 9.5b 14.4a 1.32
off-farm 13.3a 10.0b 6.8c 1.26
Eutrophication total, g NO3–-eq 83.2 69.0 72.1 6.09
on-farm 29.0ab 26.4b 40.0a 4.43
off-farm 54.2a 42.6b 32.0b 4.47
Gross margin, €/cow 1915 2045 2165 153
°Low feed self-sufficiency: <53%; medium feed self-sufficiency: 53-72%; high feed self-sufficiency: >72%. DM, dry matter. a,b,cWithin the row mean values followed by different letters are significantly
different (P<0.05).
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